We have investigated the influence of Be concentration on the microstructure of Be x Zn 1−x O ternary films (from x = 0 to 0.77), grown on Al 2 O 3 (0001) substrates using radio-frequency co-sputtering. With increasing Be concentration, the (0002) X-ray diffraction peak shows a systematic shift from 33.86 • to 39.39 • , and optical spectroscopy shows a blue-shift of the band gap from 3.24 to beyond 4.62 eV towards the deep UV regime, indicating that Be atoms are incorporated into the host ZnO lattice. During the band gap modulation, structural fluctuations (e.g. phase separation and compositional fluctuation of Be) in the ternary films were observed along with a significant change in the mean grain size. X-ray photoelectron spectroscopy indicates higher concentrations of metallic Be states found in the film with the smaller grain size. Correlation between these two observations indicates that Be segregates to near grain boundaries. A model structure is proposed through simulation, where an increase in grain growth driving force dominates over the Be particle pinning effect. This leads to further coalescence of grains, reactivation of grain growth, and the uniform distribution of Be composition in the Be x Zn 1−x O alloy films.
Introduction
Wide band-gap oxides have received a great deal of interest due to their potential use in optoelectronic applications, including ultraviolet (UV) laser diodes (LDs), light-emitting diodes (LEDs), high-mobility transistors, and gas sensors. [1] [2] [3] [4] [5] [6] The quantum confinement effect (QCE) and the fractional quantum Hall effect (FQHE) are phenomena that have been observed in well-designed oxide heterostructures and can add to the wealth of potential applications. 7 In order to design such quantum structures, it is essential to understand the band-gap engineering of oxides and the nature of oxide-based heterointerfaces. In addition, various charge states can occur at such surfaces and interfaces (either charge accumulation or depletion), as a result of the surface termination, the formation of surface defects (e.g. oxygen vacancies or cation interstitials), the presence of unintentional impurities (e.g. hydrogen, H i ) or other chemisorbed species. [8] [9] [10] ZnO-based materials have many applications and exhibit many interesting physical and electronic properties, including a large exciton binding energy (≈ 60 meV) at room temperature, and high transparency in both ultra-violet (UV) and visible spectral ranges. 11 In a wider band-gap engineering process of ZnO-based materials, A. Ohtomo et al. 12 first proposed that the band gap energy (E g ) of Zn 1−x Mg x O could be tuned from 3.3 (ZnO) to 7.8 eV (MgO) by substitution of Mg into Zn lattice sites in the wurtzite structure. The alloying process, however, was limited to x ≤ 0.36 due to a structural transition from the ZnO hexagonal phase to the rocksalt phase of MgO at high concentrations. Ryu et al. 13 suggested that the E g could be fully modulated by alloying with BeO (E g = 10.6 eV) without a structural phase transition due to the two materials having the same hexagonal symmetry. Subsequently, a Be x Zn 1−x Obased multi-quantum-well structure was designed by periodically stacking ZnO wells with Be 0.2 Zn 0.8 O barriers, resulting in UV light emission generated from a conventional LED structure. 5 After this demonstration, Klingshirn et al. 14 suggested that one possible explanation of compositional fluctuations and local segregation was diffusion of Be to the ZnO interfaces in the quantum well device structures. Therefore, understanding the growth mechanisms of Be x Zn 1−x O films on highly-mismatched substrates is key to improving device performance. In previous studies, growth of Be x Zn 1−x O ternary thin films using various growth methods [15] [16] [17] [18] resulted in poor quality single crystals due to the tetrahedral ionic radius of Be 2+ (0.27Å) being much smaller than that of Zn 2+ (0.60Å). This size difference can lead to a change in crystal space group from hexagonal (P6 3 mc) to other crystal symmetries, i.e. orthorhombic (Pmn2 1 or Pna2 1 ) or zinc-blende (F43m). 19 Also, a miscibility gap the Be x Zn 1−x O alloy system can lead to ther-modynamic instabilities such as compositional fluctuations or phase segregation. 20 Finally, considerable strain arises from the lattice mismatch between film and substrate. The interface normally favors a three-dimensional (3D) growth mode, resulting in a columnar structure, mixed growth orientations, and a rough surface morphology. 21, 22 In this manuscript the influence of Be concentration on grain growth in crystalline Be x Zn 1−x O thin films (from x = 0 to 0.77) has been investigated. It was found that a systematic change of the lattice parameter and optical band gap (E g ) occurs with increasing Be concentration. A non-uniform distribution of Be in the films was also observed for compositions ranging from x = 0.16 to 0.41. A particle pinning model has been developed to interpret the compositional fluctuations and segregation of Be, following coalescence of the smaller-sized grains in terms of grain boundary movement as a function of Be concentration.
Experimental details
Be x Zn 1−x O alloy (0 ≤ x ≤ 0.77) thin films of thickness ≈ 200 nm were prepared on c-axis Al 2 O 3 substrates in a partial pressure (P O2 ) of 2×10 −3 mbar at a growth temperature of 400 • C using the radio-frequency (RF = 13.56 MHz) magnetron co-sputtering (base pressure: 1.6×10 −8 mbar). In order to vary the Be concentration in the films, the RF power to the Be metal target (99.9 %) was adjusted from 0 to 80 W, while the RF power of the ZnO ceramic target (99.999 %) was fixed at 100 W. Films were prepared with almost constant thickness by controlling the deposition time under fixed conditions. Prior to film growth, both ZnO and Be targets were sputtered in the vacuum chamber using a RF power of 50 W in 30 min to remove target surface contaminants.
The structural and optical properties of the films were evaluated by X-ray diffraction (XRD; λ = 1.5418Å) and UVvisible spectroscopy measurements. Tapping mode atomic force microscopy (AFM) was used to observe the surface morphologies of the films. To determine the surface electronic structure and chemical state of the films as a function of Be composition, X-ray photoelectron spectroscopy (XPS) was performed in ultra-high vacuum (UHV) using an Omicron SPHERA hemisphere analyzer and monochromatic Al K α source (hν = 1486.6 eV). Photo-excited electrons from the film surfaces were collected using a take-off angle of 90 • . Surface charging during XPS measurements, resulting from the insulating nature of the samples was compensated for by using a low energy electron flood gun (Omicron CN10). The binding energy (BE) scale was calibrated using the C 1s position (284.5 eV) and the overall energy resolution was 0.6 eV. Elemental composition ratios were extracted including the electron mean free path correction and using Schofield cross sections. 23 Peaks were fitted using a Shirley background and Voigt (convolved Lorentzian-Gaussian) functions.
Results and discussion

Film optical and structural properties
The change in the cut-off wavelength of the transmittance spectra for the Be x Zn 1−x O alloy films as a function of Be fraction is shown in Fig. 1(a) . The spectral range available (220-850 nm) was insufficient to measure the cut-off for the films with high Be content due to the wider band gap energies. However, there was clearly a continuous shift of the spectra into the deep UV energy region and a high trans- parency of over 85 % as Be concentration increased. Based on these transmittance spectra and excluding reflectivity, the absorption coefficients, α, of the films were evaluated from T = Aexp(−αd) where T is the transmittance of the film, A is a constant and d is the film thickness. Consequently, by taking a linear extrapolation of the leading edge from the plot of α 2 versus hν, the optical band gap energies in the limit of the spectral region were determined to range from 3.24±0.01 to 4.62±0.06 eV for Be concentrations up to x = 0.51 (see the inset of Fig. 1(a) ). 24 Tailing of the absorption edge obtained was found as Be concentration increased. This is commonly associated with a decrease of the crystalline quality. 25, 26 As shown in Fig. 1(b) , changes in the optical band gap energies, taken from transmittance spectra, exhibited a non-linear dependence on the Be composition due to a large bowing effect. The values of bowing parameters, b, were calculated to be 4.8±0.2, 4.6±0.4, 6.0±0.3, 7.8±0.3 and 9.5±0.2 eV for x = 0.05, 0.16, 0.32, 0.41, and 0.51, respectively. The large b can be attributed to the considerable difference in atomic size and large chemical mismatch between Zn 2+ and Be 2+ . Moreover, the larger increase of b at the higher Be composition could be associated with additional band repulsion between the O 2p and the Zn 3d orbitals in the electronic band structure of the Be-rich alloys. The orbital interaction possibly results in an up-shift of valence band and in turn a large band gap reduction. 19, 27 The lattice strain effect on the redistribution of the density of states in the hexagonal symmetry of largely mismatched films also requires consideration. Consequently, the optical results confirm that the band gap of ZnO can be tuned by incorporating Be into the host lattice although some structural deterioration should be expected. However, it is noted that the calculated optical values might be overestimated due to spectral merging that allowed the local distribution of Be to effect the optical spectroscopy measurement.
X-ray diffraction (XRD) patterns of the Be x Zn 1−x O thin films grown on Al 2 O 3 (0001) substrate, taken in the θ -2θ geometry are shown in Fig. 2(a) . All films were shown to be preferentially oriented along the c-plane (0001) of wurtzite phase. In addition, (1010) and (1011) growth orientations were also observed. There was a significant shift in the (0002) diffraction peak position as Be concentration increased. This suggests a structural change from the undoped ZnO structure (33.9 • ) towards a hexagonal BeO-type structure (41.1 • ). From this shift, a decrease in c-axis lattice parameter was deduced from 5.23 for to 4.80Å as shown in Fig. 2(b) , confirming the lattice compression required for incorporating Be 2+ into ZnO. Calculations based on Vegard's law confirmed the Be fraction in the alloy films as x = 0.05, 0.16, 0.31, 0.41, 0.51, and 0.77. 28 This revealed that Be atoms were well-substituted into Zn sites and that the c-axis oriented hexagonal structure was thus primarily maintained in all films. Broadening of the (0002) diffracted peak was also observed as Be composition was gradually increased, suggesting a deterioration of film crystal quality. This is also indicative of a reduction of crystallite size with increasing Be content in the alloy films. It is known that adatom diffusion on a surface to island edges can be kinetically restricted by strain concentration near step edges during island growth. Since the straininduced energy barrier to adatom movement at the island edge is proportional to lattice mismatch, smaller coherent islands can be formed in higher lattice-mismatch system. 29 Substantial elastic strain energy generated from the lattice mismatch between the Be x Zn 1−x O films and the substrate would be further increased with the addition of more Be. This is due to the smaller atomic size of Be and causes smaller crystallites as the excess strain relaxed. Hence, large lattice mismatch (more than 18 %) at the Be x Zn 1−x O film/substrate interface is assumed to initiate a three-dimensional (3D) grain growth to minimize the total energy configuration (strain energy + surface energy). This lead to the formation of smaller crystallites and misaligned (tilted/twisted) lattice domains with random orientations. 30, 31 As a result, these growth features with smaller grains were induced by the incorporation of smaller Be into the host and the following increase in lattice mismatch strain. Furthermore, since grain growth in films is driven by a reduction of total energy at grain boundaries, the grain boundary migration during film grain growth could play a crucial role in the formation of crystalline Be x Zn 1−x O films. This point will be discussed in more detail later. In the range from Be concentration, x = 0.16 to 0.41, asymmetrically split (0002) peaks and extra peaks between the (1010) and (0002) orientations were clearly observed ( Fig. 2(a) ). These two distinct peaks shifted towards each other as Be concentration increased and merged to form a single peak at a concentration of x = 0.51. The peak then reduced in intensity and, disappeared at the highest Be concentration of x = 0.77, where only an hexagonal (0002) peak was seen. Structural fluctuations may be attributed to a non-uniform distribution of Be atoms and a higher level of lattice stress from grain boundaries and the substrate interface during film growth. In previous theoretical studies, phase separation in the Be x Zn 1−x O alloy system was also expected due to the large enthalpy of alloy formation arising from the large mismatch between ZnO and BeO. 20,32
Film surface morphology and chemical composition
AFM topography images (1×1 μm 2 ) of the Be x Zn 1−x O films grown on c-axis oriented Al 2 O 3 substrates are shown in Fig. 3(a) . The images indicate that all films exhibited a granular microstructure corresponding to a three-dimensional (3D) columnar growth mode. Grain size varied and were randomly distributed on the film surfaces up to x = 0.51. For x = 0.77, a smaller grain size became dominant as shown in the 1×1 μm 2 scan of the Be 0.77 Zn 0. 23 O film (right-bottom image in Figure  3a ). The distribution of grain sizes on the film surfaces was consistent with XRD measurements, which indicated a coexistence of different growth orientations and a broadening of the (0002) diffraction peak. 31 The average grain size for the films were found to decrease from ≈ 68.6 nm for x = 0 to ≈ 27.8 nm at x = 0.31. An increase of grain size followed at higher values of x to ≈ 76.0 nm at x = 0.77. It should be noted that the average grain size obtained from AFM analysis differed from that obtained from XRD using the Debye-Scherrer formula, as depicted in Fig. 3(c) . 33 Further insight into this can be obtained by analysis of the AFM phase images ( Fig. 3(b) ). It was found that the average grain size appeared larger due to a set of finegrains along grain boundaries combining as Be concentration increased from x = 0.31 to 0.77. This is shown by spectral images of the selected grains (A and B). This revealed that the formation of the larger grains was a consequence of fine grain coarsening at the grain boundary junctions.
The XPS spectra of Be 1s and Zn 3p core-levels for the Be x Zn 1−x O films are shown in Fig. 4(a) .A spin-orbit split Zn 3p doublet was observed at approximately 89 eV. 34 The Zn 3p core-level peak showed broadening and a shift to the higher BE region with increasing Be concentration. This is attributed to a distribution of Zn ions in different net-charge states in the wurtzite alloy coordination, the presence of a variety of surface species (e.g. surface hydroxylation on polar surfaces: Zn-O-H), and the increased of number of Zn ions in defect states. 35, 36 These imply an increased surface area to volume ratio on decreasing the crystallite size and a non-stoichiometric wurtzite environment as Be concentration rises.
As seen in Fig. 4(b) , the XPS spectrum for the undoped ZnO film showed a broad feature (≈ 100 to ≈ 120 eV) originating from screening effects of photo-excited electrons from surface plasmon excitation and inelastic collision processes (e.g. electron-electron and electron-phonon scatterings). This implies that the film surface possessed free-electron carriers due to native defects/unintentional impurities (e.g. V O , Zn i and H i ) as is typical in undoped ZnO. It could have also contributed to a surface band bending effect. 8, 9, 37 The relative intensity of the plasmon peak decreased continuously as Be concentration increased. This revealed both a reduction of free carriers and the deterioration of crystallinity in terms of the number of photo-excited electrons with a relatively long-pass distance on the film surfaces. So, the surface plasmon effects on the Be x Zn 1−x O film surfaces at high Be content in Be 1s corelevel was negligible, allowing the Be 1s core-level to be fitted by two components at BEs of ≈111 and ≈ 114 eV, respectively (denoted in Fig. 4(b) ). Those two distinct components were associated with metallic Be (Be M ) and Be-O bond (Be O ) states on the surface. 38, 39 The Be O peak intensity increased continuously, again suggesting that Be was well incorporated into the host lattice. This is consistent with the above XRD and optical spectroscopy measurement results.
The highest ratio of Be M to Be O was observed at a Be cons p Fig. 4 (a 
Particle pinning model and discussion
A possible mechanism for this type of grain growth of crystalline Be x Zn 1−x O on Al 2 O 3 substrates can be described by a model first suggested by Zener et al.. The model describes secondary phase particles, in this case metallic Be, at grain boundaries pinning the boundaries and restricting grain wall motion. This grain boundary drag caused by Be particles at grain boundaries would lead to the formation of smaller grains during growth as illustrated in Fig. 5(a) . It should be noted that the original Zener et al. model was used to describe a three dimensional array of grains and, therefore, the model below has been modified to account for the planar nature of film growth. It was found that Be concentration in the alloy films significantly affects grain structure and size. It is common in grain growth that the grain size depends on the migration of grain boundaries arising from the difference in grain curvatures (pressure; P g ), which are due to the chemical potential difference (Δμ) described by 30, 42, 43 
where γ and D are interfacial energy at the boundary and mean grain size, respectively. Here, the matrix grain boundary mobility is interrupted by pinning of solute particles occuping the grain boundary areas. 44 Pinning particles at grain boundaries reduce the Gibbs free energy, retarding the movement of the matrix grain boundaries during growth. A pinning particle of circumference 2π rcosθ 1 is placed at the grain boundary, as illustrated in Fig. 5(a) where r is the radius of particle. The maximum pinning pressure (P p ) of the particles can be expressed as
where f is the volume fraction of the particles in the unit area of a random plane. The first term is the mean number of the particles intersecting a unit area of a random plane and the second term is the maximum particle pinning force with a drag angle of θ 1 = 45 • and a surface pulling angle of θ 2 = 90 • at the grain boundary.In the above equation, the two driving pressures counterbalance each other, and the pinned grain size, D max , is approximately determined by
Metallic Be particles may favor lower energy sites at grain boundaries rather than in the matrix of the grain, subsequently inhibiting the grain boundary mobility. This results in a reduction of grain size as shown in Fig. 5(b) . In a similar case, B. Ingham et al. reported that metallic Al atoms at grain boundaries restricted ZnO grain growth in the formation of spinel crystallites as ZnAl 2 O 3 . 45 In this work, AFM and XPS showed that the mean grain size was inversely proportional to the amount of metallic Be on the film surface. Furthermore, it can be assumed that by increasing Be content in the films, the volume fraction of Be particles at grain boundaries increased. There was, however, an inconsistency in crystallite size and mean grain size measured by XRD and AFM as seen in Fig. 3(c) . This discrepancy could be reconciled by considering the change in the Be pinning pressure at grain boundaries with an increase in Be pinning particle size. This would have driven an Ostwald ripening of the Be particles at grain boundary interfaces, resulting in a coarsening of the particles and in turn decreasing the pinning pressure, P p . 46 When the driving pressure of grain growth was sufficient to overcome pinning pressure of Be particles, movement of the grain boundaries occured to allow coalescence. Interestingly, it appeared that a two-step coalescence process occured at a Be concentration of x = 0.77. Initially, fine-sized grains coarsened to The region between the two solid-blue lines represents the pinned grain size range with Be particle size of 2-3 nm, which is consistent with the experimental results.
concave inward to form an eight-junction grain boundary that minimized interface energy between the grains. Then, a set of these coarsened fine-grains combined in a triple-junction boundary favoring a distinctly shaped grain growth to produce an abnormal grain growth mode. At the same time, Be particles could encounter the lattice matrix grains due to a mass transport driven by the Be concentration gradient. Eventually, Be concentration would become uniformly distributed across the fine grains via the grain boundary junctions leading to reduction in metallic Be states, as shown by XPS. The approximate sizes of Be pinning particles depend on the volume fraction of the particles and the pinned grain size as depicted in Fig. 5(b) . Zener et al. first proposed a model with a random distribution of second phase particles at random boundary intersections, i.e. the volume fraction, f 1 , of the particles is represented by a random dispersion in both the planar (2D) and volume (3D) cases. 44 In the model proposed here, since it is most likely that Be pinning particles were located at grain boundaries rather than inthe bulk of the Be x Zn 1−x O matrix grains, the model has been modified to require a nonrandom distribution of Be particles in a 3D system. Hillert et al. 47 also suggested an applicable pinning model in which a 3D volume fraction of particles lead to modified parameters, as given byD
whereD max is the pinned maximum grain size in a 3D system. Using this modification, the simulated plots (denoted by red dot-dashed line in Fig. 5(b) ) pinned grain sizes for Be particle size of 2-3 nm are in good agreement with the AFM data. Note that in this approximation of pinned grain sizes several plausible interactions (e.g. Be particle drag, Be solute precipitation, and re-dissolution) between grain boundaries and the Be solute have been considered. Another aspect of this studywas the possible coupling between grain size being restricted by Be particles at grain boundaries and the resulting surface variation on the films which could have played a significant role in the compositional fluctuations of Be and, thus, the grain boundary structures. As the Be x Zn 1−x O grain matrix is encountered by Be particles, the surface curvature of the matrix grain would give rise to the local distribution of Be. In addition, an increased grain boundary area would promote an increase in effective surface area (higher surface-to-volume ratio), encouraging surface chemisorptions such as oxygen. This would lead to the formation of charge trapping/scattering centers, and thus potential barriers for charge transport. 48, 49 Therefore, the variation in the surface properties during grain growth was a matter of concern as it could cause substantial non-uniformity in film properties and make application of Be x Zn 1−x O in quantum structures or, indeed, other heterostructures problematic.
Crystalline Be x Zn 1−x O films (0 ≤ x ≤ 0.77) have been grown on c-axis Al 2 O 3 substrates by RF co-sputtering. A band gap modulation of the Be x Zn 1−x O films has clearly been confirmed while maintaining a hexagonal crystal structure. A continuous shift in c-parameter of the hexagonal structure was observed from 5.23 for to 4.80Å, and an optical band gap shift towards the deep UV regions (from 3.24 to over 4.62 eV)was also seen. Variations in grain growth of Be x Zn 1−x O films on large-mismatched substrates were observed and showed that the Be concentration in the films affected the distribution of grains in terms of orientation, size, and composition. In order to interpret the variation of grain growth kinetics with change in Be concentration, a modified Zener model that describes metallic Be particles driving a pinning effect on grain boundary motion was employed. It was shown that grain boundary drag from Be pinning particles induced local Be compositional fluctuation leading to smaller grain sizes. Conversely, coalescence of Be pinning particles at grain boundaries, along with increased Be volume fraction, could give rise to a reenhancement of the grain growth driving force. This could lead to the formation of a coarse-grained array through the development of specific grain boundary junction-types. The grain boundary junctions also act as a channel for uniform distribution of Be within the crystalline Be x Zn 1−x O ternary alloy films.
